Possible topological solitons (skyrmions) of four-dimensional supersymmetric nonlinear (Imodels are investigated. The requirements of supersymmetry limit our study to the CP' model. A stable soliton seems possible, but in the absence of a demonstrated lower-bound for the mass, the stability of the soliton is unproved. The semi-classical spectrum of the CP' skyrmion, as well as its supersymmetric extension, is studied.
Introduction
A good approximation to the low-energy physics ( < A,,,) of QCD is provided by the nonlinear u-model. The small chiral perturbations about the vacuum describe soft pions, and the solitons of the model (skyrmions) represent baryons [l-4] . Further, chiral fluctuations about the skyrmions can be constructed so that all soft-pion skyrmion threshold theorems are automatically satisfied [5] . For an odd number of colors it can be shown that the skyrmions are fermions, as a result of the non-trivial topological properties of the Wess-Zumino term [6] . Significantly, quarks are never explicitly mentioned; nevertheless the effective soft-pion skyrmion lagrangian gives an excellent description of the static properties of baryons and their interactions.
The Skyrme model therefore gives a new way of describing bound states (baryons) in QCD, and the question arises whether similar insights can be obtained about the bound state structures of other field theories. A particularly interesting class of theories to consider are those with supersymmetry, as very little is known about the bound states of such models*. Moreover, bound states of supersymmetric theories may have phenomenological applications. In particular, attention has recently been given to possible supersymmetric preon theories [8] . In the supersymmetric limit, the low-energy ( 5 A rrron) effective dynamics might be described by a supersymmetric nonlinear u-model. If the preons form baryon-like bound states, these could appear as soliton supermultiplets (supersymmetric skyrmions) of the model. The issue of supersymmetric skyrmions is the focus of this paper.
In sect. 2 of this paper we state the criteria to be satisfied by four-dimensional supersymmetric nonlinear u-models admitting topological solitons. As a result of these considerations, and those of appendix A, we find but one: the supersymmetric CP' model. A careful description of this model is presented in sect. 3. According to Derrick's theorem [9] , if the lagrangian of the model is only quadratic in derivatives, then the solitons of the model are unstable and shrink to zero size. This problem is typically resolved by adding terms to the action which are quartic in derivatives [l, lo] . In the usual Skyrme model, there exists a unique term which is fourth order in derivatives, but only quadratic in time derivatives. For the case at hand the higher-derivative terms must appear in special combinations so as to maintain supersymmetry. We find that there is no supersymmetric higher-derivative contribution to the lagrangian which is at most quadratic in time derivatives. That is, there is no supersymmetric Skyrme term, a feature which is a direct result of the chiral properties of supersymmetry in four dimensions. However, there are other quartic terms which offer the possibility of stability, which we study.
A convenient soliton ansatz is discussed in sect. 4, and its stability is investigated in sect. 5. If the most general supersymmetric lagrangian fourth order in derivatives is considered, or if supersymmetry is broken, then a stable soliton seems possible. However, in the absence of a lower bound for the mass, the stability of the soliton is unproved.
In the remainder of the paper we assume soliton stability, and we turn our attention to semi-classical static soliton spectra. As a prelude to the supersymmetric case, we investigate in sect. 6 solitons of the bosonic CP' model. Collective coordinates for rotational and internal symmetries are introduced in order to describe the corresponding soliton excitations. We find that the excitations are those of a type of quantum mechanical rotor. The supersymmetric extension of the system (the "supersymmetric rotor") is presented in sect. 7. We discuss the possibility of deriving this model by also introducing collective coordinates for supersymmetry rotations.
In the final section we discuss our results, and indicate new problems that were raised. In appendix A we compute n,(M) for M a compact complex Grassmann manifold, and in appendix B we present the Maurer-Cartan equations of the CP' model. Appendix C is devoted to technical details of the canonical quantization of the collective coordinates for the CP' model. Attention is paid to the constraints satisfied by the collective coordinates. Finite supersymmetry transformations for the soliton ansatz are given in appendix D.
Models admitting supersymmetric solitons
What is the class of four-dimensional models that admits supersymmetric topological solitons? As remarked in the introduction, we have in mind an effective theory for some strongly interacting (renormalizable) preon dynamics. We therefore restrict our attention to nonlinear sigma models with fields that take values on some manifold M. (In particular, we do not consider supersymmetric Yang-Mills-Higgs systems, which are known to admit supersymmetric monopoles [ll] .)
As shown in [12] , in order that such four-dimensional models have N = 1 supersymmetry, M must be a K&hler manifold. Moreover, static topologically stable field configurations are possible only if II,(M) is nontrivial. Hence, we are faced with the purely mathematical task of classifying all KLhler manifolds with nontrivial n,. Although we are unable to provide a complete classification, we observe that a large class of K&hler spaces is the set of compact complex Grassmann manifolds G( k, n) = U( n)/U( k) X U( n -k), which includes the complex projective spaces cP"-' = U(n)/U(l)X U(n -1) as special cases. A straightforward exercise in exact sequences of homotopy groups, presented in appendix A, shows that the only compact complex Grassmann manifold with nontrivial II, is CP' = S*; indeed, IT,(CPl) = Z. We consider only compact manifolds; it is known that the homotopy group of a noncompact group is the same as that of its maximal compact subgroup. Thus, the search for a model which admits supersymmetric solitons leads rather directly to the four-dimensional supersymmetric CP' model*. 3 . The CP' model and its supersymmetric extension Before discussing the CP' model, it is useful to first briefly review the nonlinear SU(2) x SU(2) chiral model, to which it is closely related. The quadratic part of the effective lagrangian is given by** *A similar conclusion has been reached independently by E. Rabinovici, A. Schwimmer and S.
Yankielowin (private communication). ** Our metric convention is 'I," = diag( -1, +l, +l, + 1). Indices follow the convention i, j,. . . = 1, 2; a,b,... =1,2,3; W,V ,... =0,1,2,3. Here U(x) is a field with values in SU (2) , and f, is the pion decay constant. The chiral lagrangian (3.1) is invariant under independent global SU(2) transformations from the left and from the right (W(2), x SU(2)a): 2) In the CP' model one gauges the U(1) subgroup of SU (2) . generated by r3, which we shall henceforth call U (l) ,. This is achieved by replacing ordinary derivatives of U(x) by right covariant derivatives: 3) where V,(x) is the corresponding gauge field. Indeed the quadratic part of the lagrangian for the CP' model is given by (cf. (3.1)) 4) and is invariant under local U(l), and global SU(2), transformations: 3.5) Note that there are no global SU(2) rotations from the right. Since there is no kinetic term for VP, it is a dependent field. Its field equation yields an algebraic expression for VP in terms of U:
I$= -&iTr(UtJ,Urj). (3.6) For later convenience we give an alternative formulation of the CP' model. First we parametrize the SU(2) matrix U(x) in terms of the complex scalars A, (i = 1,2): with z,4, = A;CA, + AZA, = 1. (3.7) Substituting this expression into (3.4) we obtain G,(cP)= +,~DWD,A,, (3.8) where the covariant derivative is given by 9) and the field equation for V, now becomes (cf. (3.6)) 97 VP= -fLP3,Ai= -fi[mpAi-(a#)Ai]~ (3.10) The K;ihler structure of the CP' model can be made manifest by solving the constraint X'A, = 1 in terms of complex projective coordinates Z (thereby fixing the U(1) gauge) in the following way:
For A, = 0 these coordinates are singular. There is a similar set of coordinates which singles out A, = 0. The two sets of coordinates, which are related by a gauge transformation, together provide a nonsingular global coordinate system for S2. In terms of projective coordinates the lagrangian (3.8) reads f,W')= -kf,2g(z,z*)a~z*a,z, (3.12) where g( Z, Z *) is the Kahler metric g(zyZ*)= ' =&&ln(l+ZZ*). (1 + zz*)2 (3.13) Finally, we mention that the CP' model can be reformulated as the 0(3)/O(2) nonlinear u-model in terms of the gauge-invariant variables q,(x) = ,@(x)(T,)$~~(x).
Having discussed the CP' model, we now proceed to the supersymmetric case [12, 13] . To this end we replace the complex scalars Ai by chiral scalar multiplets (Ai, I/J,~, <) (i, (Y = 1,2) and the vector I$ by a real vector multiplet (I$, A,, D). Here the fields I;; are complex scalars, D is a real scalar and qai, A, are Majorana spinors. For these spinors we will use the two-component notation*. In particular \Clai corresponds to a left-handed chiral spinor, whereas the complex conjugate field p = (#"i)* corresponds to a right-handed one. The lagrangian of the supersymmetric CP' model is given by (3.14) * We follow the notation and conventions of [14] . The model is invariant under the following set of supersymmetry transformations:
The field equations of (3.14) and their supersymmetry transformations lead to the following constraints on (Ai, Gai, 4.):
zA,= 1,
JPq.=o. (3.17) Moreover they lead to the following algebraic expressions for (I$ A,, D) in terms of CAjY G,i, 4): (3.18) In analogy to the CP' model we can solve the constraints (3.17) by introducing 99 (3.19) In terms of these projective coordinates the lagrangian (3.14) reads [12] 
with the K&hler metric g(Z, Z*) given by (3.13).
Although we have introduced the supersymmetric CP' model in order to study its topological solitons, the quadratic model as such does not admit stable soliton solutions. Indeed, let us first recall the SU(2) X SU(2) chiral model: according to Derrick's theorem [9] the solitons of this model are unstable, and shrink to zero size. One can stabilize the solitons by adding a term with four derivatives to the lagrangian (3.1). Such a quartic term, first introduced by Skyrme, is l$(chiral) = --$ Tr[ U+d,U, LJ~J,u]~, (3.21) where e is a dimensionless parameter. This is the unique term with four derivatives that is only second order in time derivatives. Also, it leads to a positive definite hamiltonian. Similarly, the corresponding term to stabilize the solitons of the nonsupersymmetric CP' model is (3.22) with the covariant derivative defined in (3.3) and the gauge field I$ given by (3.6) . Using the Maurer-Cartan equations (see appendix B) this term can be rewritten in the following form: (3.23) where F,,(V) = a,V, -6',V, is the field strength of the dependent field I$.
The form (3.23) clearly suggests that in the supersymmetric case we use instead the supersymmetric kinetic term for the entire vector multiplet (l$, A,, D): e,=&{ -:F:,(V)+j~(o")*,a,x,+D'}. (3.24) Here it is understood that V@, A, and D are the dependent fields given by their expressions (3.18) in terms of Ai, Gai and I;;. With this identification we verify that C, is supersymmetric under the transformations (3.16) . We immediately see that (3.24) is not a "minimal" supersymmetric extension of the bosonic term (3.23) . The additional bosonic term D2 is unavoidably introduced by the requirement of supersymmetry. This will become significant later in the paper. For now, simply note that the bosonic sector of (3.24) , obtained by taking #ai = 4 = 0, is (3.25) Further, observe that the second term in (3.25) is fourth order in time derivatives.
Once one allows fourth-order time derivatives, the bosonic term (3.23) is no longer unique. Indeed, it can be shown that in the bosonic CP' model there exist three independent terms with four derivatives: C,(CP') = uF;( V) + b( DppDpAi)2 + cc#nAi, (3.26) where Cl = DPD,, is the gauge covariant d'alembertian. One must now investigate whether there are CP' invariants other than the one given in (3.25) , which allow for a supersymmetric extension. To answer this question it is convenient to use a superfield formulation*.
In such a formulation the supersymmetric CPi action is given by S2=+j.;/d4xd4B(@Qi-V). (3.27) Here Gi (i = 1,2) are couariantl' chiral superfields (i.e. yJji = 0) with components (Ai, #ai, I;].), and V is a real vector superfield, whose components in the Wess-Zumino gauge are given by VP, A, and D. The equation of motion with respect to V gives &l$=l. (3.28) In components, this corresponds to eqs. (3.17) , (3.18) . * For more details on notation, see [14] .
Given the constraint (3.28), we now try to construct in terms of the @, the most general supersymmetric CP' invariant expression with four derivatives. It appears that there are only two independent structures: -.A-. +P [ vav&@tvava@i] ). (3.29) One can verify that the bosonic sector of (3.29) (taking Gai = I;; = 0) is Clearly the first term is the one we considered earlier (see (3.25) ). The second represents a new possible stabilizing term. The stability of solitons with these interactions will be studied in sect. 5.
It should be noted that the supersymmetric action (3.27) together with the higher-derivative term (3.29) , does admit solutions of the F-field equation with q # 0. In fact, 4 becomes a propagating field. We have investigated whether these nonzero solutions are able to cancel terms in (3.30) , leaving only the desired F$( V) term; it seems that this is not the case. Therefore we have not pursued this direction.
We observe that it is the chirality of the @Pi which restricts us to the two independent structures given in (3.29) . Indeed, in two and three dimensions where no chiral superfields exist, one can construct a supersymmetric higher-derivative term that is second order in time derivatives. 4 . Soliton ansatz and topological charge In sect. 3 we have described the supersymmetric CP' model. We now look for classical soliton (skyrmion) solutions. We set the Fermi fields (and also the auxiliary fields 4) to zero, and consider static, topologically stable boson field configurations. Such configurations describe mappings from S3 to CP' = S* with nonzero winding number (recall that II,(CP') = Z), the prototype of which is the Hopf map. For clarity, we exhibit these field configurations in two steps: first we identify S3 in terms of the three spatial coordinates x', and then we describe the Hopf map s3 ---, CP'.
We can identify an S3 in physical space by way of
where f(0) = 7~ and f(co) = 0, and f = x/r. Clearly, this maps once from [R3 + {co}] to SU(2) = S3. This is not the most general such map, but is adequate for our purposes (see below). Next, let us consider the Hopf map, which can be conveniently described by introducing a pair of complex coordinates (A, One can check that this is invariant under the local U(l), transformations U(x) + U(x)ei~(~h for nonsingular 0(x) falling off sufficiently rapidly at spatial infinity, i.e. for "small" gauge transformations. Indeed, in terms of the dependent gauge fields (3.6) introduced earlier, one can show with the help of the Maurer-Cartan equations (see appendix B) that the expression for Q takes the simple form [15] (4.4b) from which the local U(1) invariance is more evident. Hence, we have the important observation (see e.g. [16] ) that the formulas (4.4) also measure the winding number of the coset map [U(x)]: S3 + S 2* In particular, one can readily check that our CP' . soliton ansatz, with the stated boundary conditions, has unit topological charge, as does the Skyrme ansatz.
A current for which Q, given by (4.4) , is the charge is Even though this current is conserved (E P"@'F F = 0), it is not invariant under cv PO U(l), transformations. There is no current with charge (4.4) which is both conserved and gauge invariant. Note also that the current vanishes identically when written in projective coordinates, (3.11) . Finally, let us address the generality of our ansatz. As already noted, U, (4.1) is not the most general map from [R3 + {cc}] to S3. In general, the vacuum has more symmetry than a soliton ansatz. One attempts to find a nontrivial soliton ansatz with the maximal symmetry consistent with the model. For the Skyrme model, the ansatz is invariant under J+ I; correspondingly, for the CP' model, only a J3 + I3 invariance of the ansatz is expected. A map which is only J3 + I3 invariant is [17] u,(~) = ei/(p.ah~~~, (4.6) where i , &E Fcosg,
X2
7 cos g, sin g 1 , g=g(w'), p'= (xq2+(x2)2.
Since the map (4.1) has more symmetry than this, it is much more convenient for performing calculations.
Stability
Our soliton ansatz [U,], with I.& given by (4.1), depends on a single unknown function f(r). The function f(r) is determined by requiring that the energy of the field configuration is minimized. For static configurations of the supersymmetric CP' model (with auxiliary and Fermi fields set to zero), the energy is [see (3.8) , Substituting our ansatz yeilds, after some algebra, an expression for the soliton mass
where we have changed to dimensionless variables r --, r/ef,. We take (Y # 0, and consider in turn, the two cases (subsect. 5.1) ,4? = 0, and (subsect. 5.2) /3 Z 0.
p=o
We single out the case /3 = 0, since it corresponds to the supersymmetric generalization of the CP' model defined by (3.8) and (3.22) , which hereafter will be called the "minimal" CP' model. Let us consider an f(r) for which the term in (5. Hence, by scaling R + 0, one scales the soliton mass to zero. That is, the soliton is in fact unstable, and shrinks to zero size and mass. (See fig. 1 .) This result is not difficult to understand. The reason for introducing fourthderivative terms in the action was to have a l/r4 contribution to the mass density, which (if of the appropriate sign) disfavors field configurations with small radius. This is the essence of Derrick's theorem. We see from (5.2) that in the supersymmetric model the "repulsive" effect of these higher-derivative terms is cancelled, and the stability problem persists. It should be stressed that this instability occurs because there exist nontrivial field configurations for which the entire contribution of the fourth-derivative terms to the soliton mass vanishes. As a check on this reasoning, we performed numerical studies on a model with an explicit supersymmetry breaking term, and studied the approach to the supersymmetric limit. That is, we added to (5.1) the term (a~/8e2)(D,~'DJi)*, giving an additional contribution AM to the soliton mass M (5.2):
The differential equation for f(r) following from the variational principle a(M + AW/af, with ~1= 1 and /3 = 0, is f'!{ fr* -$(2 -3e)sin*f+ y(1 + .e)( rj')*} + rf' -f(2 -3e)(sin2f)( I')' -+sin2f
As already noted, E = 0 corresponds to the supersymmetric limit. We solved this differential equation numerically for various values of E. In fig. 2 we plot f(r) versus r for the three cases E = 1.0, 0.1, 0.01. Clearly, as E approaches the critical value 0,
approaches the singular configuration of fig. 1 . Moreover, the soliton masses The corresponding to these three values of E are proportional to 1.79, 0.58, 0.20, respectively, with proportionality factor ?r*(f,/e); these approach zero, as expected. One point in the above discussion deserves further clarification. We use a soliton ansatz that is too restrictive (i.e., it has a J + I invariance not present in the action). Therefore, there is no guarantee that the stationary point of M, as given in (5.2) , is also a stationary point of the action, which for time-independent configurations is E,,,, given by (5.1). (See [18] .) The minimum of M provides only an upper bound for the minimum of E,,,,. However, since we find field configurations for which M = 0, these configurations in fact also minimize E,,,,.
In short, the supersymmetric CP' model with (Y # 0, j3 = 0 does not have stable solitons. Of course, if supersymmetry is explicitly broken (e.g., taking E ,# 0 in (5.6)), then a stable soliton is not ruled out by these considerations.
p # 0
We have seen that if there is any possibility of finding stable solitons for the supersymmetric CP' model, one must take fi # 0 in (5.1). In this case, we cannot find an upper bound for the soliton mass which vanishes. For instance, taking again the special case (5.3), (5.4), we find from (5.2) that (5 -7) This is stationary for R = m; correspondingly, we have the estimate M = (~*f,,/e)~. A 1 ower upper bound for M could be found by numerically solving the variational differential equation 6M/6f= 0, which now involves fourth-order derivatives of f(r). We have not performed this calculation. Thus far, we have discussed upper bounds for the soliton mass. Now we consider the possibility of establishing lower bounds, relying on the fact that the soliton has nonvanishing topological charge. This technique was pioneered by Skyrme [l] , and was later exploited by others in monopole [19] and instanton [20] physics. For the case at hand, observe that from which follows, using (4.4) Since this model is gauge invariant, no explicit V, terms (in particular, V,') appear in this expression. Hence, the inequality (5.9a) cannot be readily used to give a nontrivial lower bound for the soliton mass. Similarly, the inequality (5.9b) evidently does not make such an estimate possible. Thus, the problem of providing a lower bound for the mass of a supersymmetric skyrmion remains open. Of course, if one were to modify the model by adding the gauge symmetry breaking term V,' to the action, then a lower bound could be easily obtained.
The conclusions of this section are as follows: (i) The supersymmetric CP' model in which the quartic term is the supersymmetric extension of Fp: [i.e., the case p = 0 in (5.1)] has no stable solitons. However, if in this model supersymmetry is explicitly broken, then a stable soliton is not ruled out.
(ii) For the supersymmetric CP' model with the most general quartic term [i.e., OL # 0, /3 # 0 in (5.1)], a stable soliton solution is not excluded. However, in the absence of a nontrivial lower bound for the soliton mass, the stability of such a solution is unproven.
(iii) For models in which gauge invariance (and hence, also supersymmetry) is explicitly broken, we find nontrivial upper and lower bounds for the soliton mass. Thus, these models evidently do admit stable soliton solutions.
For those models which may admit stable solitons, clearly it would be interesting to find solutions based on the more general ansatz (4.6); however, we have not attempted this. Also, as already noted, these models involve higher time derivatives. Moreover, the actions for these models are in general not bounded from below. To ensure that the soliton mass be positive definite requires the values (Y, fi > 0 (see e.g. (5.2)); however, for these values the action (3.8), (3.30) is not bounded from below. Since these models are considered only as effective theories, the higher-derivative terms can presumably be treated as small perturbations. However, it remains to be verified that these apparent dynamical stability difficulties are in fact not realized in the low-energy regime for which these models are valid.
Finally, for later convenience, we briefly consider here the stability of solitons of a related model: namely the minimal model (3.8) , (3.22) . As in the supersymmetric case, we cannot provide a nontrivial lower bound for the soliton mass. Nevertheless, an upper bound for the mass can be found: using again the ansatz (4.1), we obtain the following expression for the mass: (5.12) The solution f(r) of the corresponding differential equation has been determined numerically and is plotted in fig. 3 ; this, in turn, gives M = (n*f,/e)1.74.
As already 4 5 6 Radial Distance r This is stationary for R = 1, for which A4 = 2r2f7/e, in reasonable agreement with the previous estimate.
6. Semiclassical spectrum of CP' soliton
In the previous section, we discussed the purely classical problem of soliton stability. There is a possibility that stable soliton solutions exist, both for the supersymmetric and nonsupersymmetric CP' models. We shall now assume that such solutions do exist, and use semi-classical methods to investigate the corresponding quantum states. In the present section we treat the "minimal" nonsupersymmetric CP' model (3.4), (3.22) c= -kf~Tr(DWtD,,U)-&F~, leaving the supersymmetric case for the following section.
One method of quantizing a classical soliton solution involves use of collective coordinates (see e.g. [21] and references therein). In general, one such coordinate is introduced for each global symmetry of the vacuum which does not leave the solution invariant. As a result, once these collective coordinates are quantized, the symmetries "broken" by the solution are restored: the soliton states are towers of states labeled by the maximal set of commuting generators of the symmetries of the vacuum.
A collective coordinate analysis for static SU( N) x SU(N) skyrmions, with N = 2,3 has been given in [3, 4] respectively. As we shall see, the corresponding analysis for CP' solitons is similar, but involves some new features as well. Indeed, already at the outset there is a difficulty: we do not have at our disposal a classical soliton solution; rather, we have only a field configuration (see fig. 3 ) based on the ansatz (4.1), which is adequate for finding an upper bound for the soliton mass, but which in fact is not a solution of the field equations. Nonetheless, it is instructive to proceed using the above field configuration as if it were a true, stable solution.
With this in mind, observe that the vacuum of the CP' model has the global symmetries SU(2), x U(1) ,,, as well as a local U(1) R symmetry. (Here, J denotes the generator of space rotations, and I, is the generator of the L f R transformation U + eiaT3Ueei@T3.) Of course, since we are concerned only with static solitons, we do not consider translations. Our soliton ansatz (4.1) is invariant under the diagonal J3 + 1s subgroup of this invariance group. Hence, it would seem that we need to introduce three collective coordinates: one each for Ji, J2, and J3 -13. This is conveniently done by writing the "rotated" soliton U as where O,, is the SO(3) matrix of collective coordinates. Equivalently, one can represent the collective coordinates by an SU(2) matrix A, related to O,,, by O,, = fTr( &Jr,,), (6.3) so that (6.2) reads U=A+U,A. (6.4) From (6.4) , it is seen that spatial and internal rotations of U can be realized on the collective coordinates A. Thus, under spatial rotations, A is multiplied on the left by an SU(2) matrix B:
AjBA,
whereas under arbitrary isospin rotations, A is multiplied by an SU(2) matrix C on the right:
Significantly, these collective coordinates are invariant under gauge transformations. One could represent these gauge transformations by introducing yet another collective coordinate c, thereby replacing (6.2) by From this it is clear that the collective coordinates O,, are gauge invariant, and only c transforms under gauge transformations. Of course, once U is substituted into the gauge invaraint action (6.1) the new coordinate c drops out; hence, we do not consider it further. That no more than 3 collective coordinates are required can also be seen simply by working in a formulation of the model in which gauge invariance is absent (e.g., the 0(3)/O(2) version). The collective coordinates are now promoted to dynamical variables, and as such, become functions of the time, t. The lagrangian for the collective coordinates is found by substituting the rotated ansatz (6.4) into the lagrangian (6.1), yielding L= d3xC(x) J = -M+$AiTr(,#A)-~hz[Tr(r3At~)]2. (6.6) Here, M is the expression (5.12), and the coefficients h, and h, are
(6.7) n As previously noted, for the configuration of fig. 3 , M = (r 2f,/e)1.74; furthermore, X, = (4m/e%)7.76 and h, = -(4m/e3f,)1.51. Also, we remark that if the gauge symmetry breaking term (6.8) had been added to the lagrangian (6.1), then the corresponding lagrangian for the collective coordinates would have the same structure as (6.6) differing only in the expressions for X, and X2. In particular, adding such a term with y = 1 to (6.1) gives the Skyrme model (3.1), (3.21) , and yields X2 = 0, with an appropriate change in hi.
We observe that for the special case X, + h, = 0, the lagrangian (6.6) can be rewritten in the form L= -M+~xiTr(D,AtD,A), (6.9) with the covariant derivative DJ given by D,,A = A -+AT~TT( 73 A+A) .
The lagrangian (6.9) is invariant under gauge transformations with a real parameter w(t)
A(t) --f A(t)eiw(') '3. (6.10) This gauge invariance does not appear to be related to the U(l), gauge invariance of the original field theoretic model, as the collective coordinates A are already invariant with respect to that transformation. The model (6.9) can be reformulated in terms of the gauge invariant variables q, = iTr( At7,AT3), 4:=1, (6.11) leading to L= -M+$l,&cj,. (6.12) It is useful to know the generators J, of spatial rotations and I, of isospin transformations in terms of the collective coordinates. From (6.6) and the transformation properties (6.5), we easily find via the Noether prescription that the generators are J, = ai { AiTr( T,,dA+) + A,O,,Tr( 7,Atk)) , I6 = ii{ h,Tr( TbA+A) + h$,,Tr( T3Atk)} . (6.13) (A tedious alternative is to first find the symmetry generators for the model (6.1) in terms of fields, and then make the substitution (6.4). We have explicitly verified that both procedures lead to the same result.) As in the Skyrme model, the generators J, and Ib are related by a rotation:
J, = Oadb, (6.14a) so that J,'=I;. (6.14b) Note that the lagrangian (6.6) is invariant only under spatial and 1s rotations, and hence, only these generators are (on-shell) time independent.
To pass from the lagrangian (6.6) (6.16) The hamiltonian is therefore H= -t+$Tr(A'+lT) = M+ &Tr(lI+IT) + 1 8Alc;; h2) tTrhA+fl)]*, (6.17) where IIt = -Atl7At. Since the dynamical variables At obey constraints, naive commutation relations cannot be used. A discussion of the canonical quantization of this system, following the method of Dirac [23] , is provided in appendix C. The generators (6.13) can be re-expressed in terms of the canonical momenta by means of (6.16): J, = $iTr( 7J7At) Ib = iiTr( TbAtII). (6.18) Using the fundamental commutation relations presented in appendix C, one can verify that these generators form an SU(2), x SU(2), algebra. The hamiltonian (6.17) can be expressed simply in terms of these generators as (6.19) For the special case X, + h, = 0, eq. (6.13) implies I3=0, (6.20a) and correspondingly, H=M+$J'.
(6.20b)
The hamiltonian (6.19) describes a system familiar from elementary quantum mechanics: that of a "symmetrical" top having one symmetry axis (i.e., two equal moments of inertia). This is seen [2] by identifying J, as components of the angular momentum in the space-fixed frame, and Ib (which are related to Jo by (6.14)), as the corresponding components in the body-fixed frame. Energy eigenstates are labeled by quantum numbers j (= i), j,, i,; energy levels have either a (2 j + l)-fold degeneracy (i3 = 0) or a (4 j + 2)-fold degeneracy (i, f 0). Depending on whether the top is quantized as a boson or fermion, j assumes integer or half-integer values, respectively.
In particular, the case X2 = 0 in (6.19) corresponds to a "spherical" (isotropic) top; or equivalently, a point particle constrained to move on a sphere S3. The spectrum of this model is given by the spherical harmonics on S3, as discussed in [l-3] .
Similarly, the quantum mechanical system related to (6.20) is an infinitely thin rigid rod, having zero moment of inertia about the symmetry axis; or, equivalently, a point particle constrained to move on a sphere S2. (See also (6.12).) As is well known, its spectrum is the set of spherical harmonics on S2.
Our collective coordinate analysis for solitons of the CP' model gives hi + h, = (4n/e%)6.25 # 0, corresponding to the system (6.19) . However, it is clear that the values of hi, A, are sensitive to the specific classical soliton field configuration used in the analysis. As already stressed, in the present study, our choice of field configuration was not optimal. It is possible that a more careful analysis of CP' solitons could lead to A, + A, = 0, and hence, the system (6.20) .
To make this conjecture plausible, consider again the family of models consisting of (6.1) and an added gauge-breaking term (6.8) parametrized by y, such that y = 1 corresponds to the Skyrme model. One expects, for y # 0, that this set of models describes very similar physics. Indeed, it is clear that these models all lead to the collective coordinate hamiltonian (6.19) , with values of A,, A, depending on the choice of y. Hence, as y is varied continuously, the semi-classical soliton spectrum also changes in a continuous fashion. Only for y = 0 could one expect a discontinuity in the spectrum, which in a more accurate calculation could correspond to the case (6.20) . In other words, one suspects that the value y = 0, which is singular for the above class of field theoretic models, corresponds to the value hi + h2 = 0, which is singular for the class of collective coordinate hamiltonians (6.19) . A further argument based on supersymmetry is provided in sect. 7.
Since IT,(SU(2)) = II,(CP') = Z,, the solitons can be quantized as either bosons or fermions for arbitrary values of y. The choice cannot be dictated by adding a Wess-Zumino term [6] to the action, since such a term vanishes identically for SU (2) , and hence, also for CP'. (See however [24] .) 7. Supersymmetric solitons In the previous section, a collective coordinate analysis for CP' solitons was performed, under the assumption of classical soliton stability. It was shown that the collective coordinate lagrangian has the form (6.6) L= -M+fhlk'A,-f~2(~'Ai)2, X4i=l, (7.1) where the variables Ai are related to the SU(2) matrix of collective coordinates A(t) in analogy with (3.7) . (See also (7.19 .) Explicit calculation with a trial classical soliton configuration gives h, + A, # 0. However, it was suggested that a more precise treatment could yield h, + A, = 0, corresponding to a semi-classical soliton spectrum given by the spherical harmonics on S2.
We now proceed to the supersymmetric case. Naturally, one expects the soliton states to form linear massive irreducible representations of N = 1 supersymmetry in four dimensions (d = 4) . Such representations are in fact representations of the little subalgebra which leaves static states invariant. (See e.g. [25] .) Included in this subalgebra are the generators Qj and e', satisfying {Qi,e'}=P6' i,j=l 2 0 , ?
, . (7.2) However, this is exactly the algebra of N = 4 supersymmetric quantum mechanics [26] *. Hence, one might expect that the collective coordinate lagrangian describing supersymmetric skyrmions includes the N = 4 supersymmetric extension of (7.1) (with possibly different values for M, Xi, h, and also higher-derivative terms). We shall first construct this model, deferring until later the discussion of how such a quantum mechanical model might be derived directly from a collective coordinate analysis of the original supersymmetric field theory. Supersymmetric quantum mechanical systems can be conveniently described using superfields. The superfield formalism for supersymmetric quantum mechanics (i.e. d = 1 field theory) is quite similar to the more familiar formalism for d = 4 field theory [14] . A superspace is introduced with one bosonic time coordinate t and, for N = 4, two complex fermionic coordinates 0' (i = 1,2)**. Supersymmetry transfor-* Some authors refer to the algebra (7.2) as N = 2 supersymmetric quantum mechanics. ** We use the convention (19')* = ai. (7.4) and the remaining anticommutators are zero. One can distinguish two types of superfields, subject to different constraints. Chiral superfields satisfy the condition mqt,e,e)=o. (7.5) In an appropriate frame this condition implies that Q, depends only on the spinor coordinates 8: @ = A + ey, + +iEijbWF. (7.6) Real superfields satisfy the reality condition @* = @. The e-expansion of such a superfield runs up to e2g2.
Consider the collective coordinates Ai. These coordinates should be the first components of some superfield Qi. A minimum number of additional components is introduced by taking (Pi to be chiral. Since the Ai satisfy the constraint xiAi = 1, ai must correspondingly obey @Qi = 1. As in the four-dimensional field theory, this can be done consistently only by introducing a U(1) gauge invariance and taking Gi to be covariantly chiral: @i= (Ai, Gj/ii> 4) with o'aj= 0, iS+&=l. (7.7) Here vi is a gauge covariant spinor derivative which is analogous to the d = 4 operator v,. In particular, the U (1) Sh, = akcjf -iaiD, (7.9) 6D=+(a'j\,-&, (7.10) respectively. In the above, covariant time derivatives are defined as follows:
Moreover, the lagrangian reads (cf. (7.12)
We note that with these constraints, the spinors qij can be replaced by four unconstrained spinor parameters &i in the following way: #ii = .cikxk~j or .ri = -E~~A~I/.J~~. (7.13) We have seen that an N = 4 supersymmetric extension of (7.1) requires U(1) gauge invariance, and hence A, +X, = 0, [cf. (6.91 . We have verified that a supersymmetric extension of (7.1) with arbitrary values of hi, h, does exist only for N = 1. However, in that model [Q, J] = 0, which leads to an unacceptable spectrum.
Our approach to supersymmetric skyrmions has been to seek the supersymmetric extension of the CP' collective coordinate lagrangian (7.1), and this has led to the model (7.11). (One is free to add the constant -M to (7.11); correspondingly, the ground state has mass M.) It would be satisfying to obtain this result directly from the d = 4 supersymmetric field theory (3.14), (3.30) and to identify the spinor coordinates as collective coordinates for supersymmetry rotations. Indeed, as the classical soliton ansatz (4.1) is not invariant under supersymmetry, one expects that the supersymmetry of the semi-classical states can be "restored" by introducing corresponding collective coordinates, as was done for rotational and internal excitations. We now discuss this possibility.
Generalizing the procedure of sect. 6, we introduce collective coordinates by performing combined spatial/internal and supersymmetry rotations on the soliton ansatz (4.1), with corresponding time-dependent parameters Ai and .e,(t), respectively. That is, we introduce a rotated superfield @ given by* ~=exp[i{ll,(r)Ga+&'(t)Q,+Eir(t)g6}]4PO(x), (7.14) * In (7.14) , it is understood that the generators do not act on the parameters. Also, as before, we do not introduce collective coordinates for translations, since we consider only static solitons. However, it is not clear whether for supersymmetry this procedure is entirely consistent. (See below.) where Q,,(x) is the soliton ansatz (A,(x), #ui = 0, I;; = 0), G, are the operators (Ji, J2, J3 -13), and the parameters n,(t) are related to the collective coordinates A,(I) according to (7.15) Finite supersymmetry transformations are presented in appendix D. In particular, finite supersymmetry transformations of the ansatz lead to equivalent ansatze, with nonzero #ai and Fi. To obtain the effective lagrangian for the collective motions, one must substitute the rotated ansatz (7.14) into the supersymmetric field theory (3.14), (3.29) and perform the spatial integrations. However, the resulting expression does not resemble the quantum mechanical model (7.11) . It is not difficult to see'why in this approach the collective coordinate lagrangian is a priori not invariant under supersymmetry transformations of the form (7.9), (7.10) . The basic point is that the supersymmetry transformations of the original field theory cannot be realized as conventional supersymmetry transformations on the collective coordinates introduced above.
To illustrate this point, we recall from sect. 6 how spatial rotations of the bosonic CP' field theory are realized on the collective coordinates. (For simplicity, we ignore isospin rotations.) In this case, the collective coordinates can be introduced by performing a rotation on the ansatz LJ,: U= eiq(')'JUo(x), (7.16) where q(t) are related to the SU(2) matrix of collective coordinates A(t) by (7.15) . Under a global space rotation with parameter w, U becomes (7.17) By the Baker-Campbell-Hausdorff identity, q'(r)=q(t)+w-+Xq(f)+ ... . (7.18) Equivalently, defining B = eiw"i2, we again see that a spatial rotation on U can be represented on the collective coordinates by the transformation A'= BA. (7.19) Since the field theory is invariant under rotations of U, the collective coordinate lagrangian is guaranteed to be invariant under the corresponding transformation (7.19) . Now let us return to the supersymmetric case. Under a supersymmetry transformation with parameter 6, the field @ (7.14) becomes (7.20) We are immediately faced with two problems. First, since {Q,, Q,} = (u")~~P,,, it would seem that a new collective coordinate for translations is required in order to represent the supersymmetry transformation on the collective coordinates. One would expect that such translational collective coordinates could be avoided in a study of static solitons. Secondly, if the operators Q,, e, are assumed not to act on the collective coordinates themselves, then the transformations induced on the collective coordinates by (7.20) do not contain time derivatives*. As such, these are not conventional supersymmetry transformations. Similar transformations have been considered in recent studies [27] of quantum fluctuations about supersymmetric instantons. It is under such unconventional transformations that the collective coordinate lagrangian is guaranteed to be invariant. In particular, the collective coordinate lagrangian is not of the form (7.11) , which is invariant under the conventional supersymmetry transformation rules (7.9), (7.10) . Hence, it is not apparent that the semi-classical soliton spectrum corresponds to linear massive representations of N = 1 supersymmetry in d = 4.
The second difficulty would be resolved if the collective coordinate lagrangian could be recast in the form (7.11) . Indeed, it has been shown [28] that a related quantum-mechanical model invariant under such unconventional transformations can be reformulated so as to be invariant under conventional supersymmetry transformations. This is achieved by performing suitable redefinitions (involving time derivatives) of the variables. It remains to be investigated whether such a reformulation is possible for our model.
We have seen that a straightforward generalization of the collective coordinate method may, in principle, be applied to supersymmetric solitons. However, this procedure is unsatisfactory, as the collective coordinate lagrangian is not manifestly invariant under conventional supersymmetry transformations. It would be interesting to see if this procedure could be improved.
Discussion
We have investigated solitons of the four-dimensional CP' model and its supersymmetric extension, focusing on two main issues: the classical stability of soliton * Allowing the supersymmetry generators to act on the collective coordinates is also not satisfactory, since then the algebra does not close.
solutions, and the corresponding semi-classical quantization. In this section we briefly discuss our results, emphasizing new problems that were raised. We sought supersymmetric higher-derivative terms that could be added to the nonlinear sigma model action to stabilize its soliton solutions, and found two such candidates. Surprisingly, one of these. terms cannot alone provide stability. Moreover, both terms contain quartic time derivatives and lead to actions that are not bounded from below. Presumably, these higher-derivative terms can be treated as perturbations, as is typically done for effective nonlinear models. Still, one should verify that these terms lead to a consistent low-energy dynamics.
Since it is technically cumbersome to work with the soliton ansatz that is appropriate for the CP' model, all of our calculations were performed with a simplified ansatz. As a result, our stability analysis is incomplete. In view of the absence of a lower bound for the soliton mass, it is now important that soliton solutions based on the more general ansatz be studied.
Quite generally, the static semi-classical spectrum of a soliton consists of towers of rotational and internal excitations, corresponding to symmetries broken by the classical soliton solution. Our results for the CP' soliton spectrum are best understood by first considering a wider class of models: namely, the one-parameter (y) family of nonlinear models, with y = 0 corresponding to the CP' model, and y = 1 corresponding to the usual Skyrme model. The soliton spectrum of the Skyrme model (y = 1) coincides with that of a quantized spherical top. We find that solitons of models with y # 1 in general have the spectra of symmetrical tops. In particular, one expects that the CP' case (y = 0) should be special, corresponding to an infinitely thin rigid rod, having zero moment of inertia about the symmetry axis. This expectation is not borne out by our explicit collective coordinate calculation. Clearly this analysis should be repeated using a soliton solution based on the more general ansatz, mentioned above.
We see that, in our application of the collective coordinate method, qualitative aspects of the spectrum can depend sensitively on features of the soliton solution other than its symmetry properties. However, we cannot rule out a different approach in which all qualitative features of the spectrum emerge more directly.
Using a straightforward generalization of the collective coordinate method to the supersymmetric CP' model leads to a collective coordinate lagrangian which, a priori, is not invariant under conventional supersymmetry. We find this situation rather unsatisfactory. Collective coordinates should instead be introduced in such a way that the supersymmetry of the field theory is realized as a conventional supersymmetry on these coordinates. This possibility deserves further attention.
Our search for four-dimensional supersymmetric nonlinear sigma models admitting topological solitons was not exhaustive; thus, CP' may not be the only such model. It would be interesting to see whether these models indeed correspond to the low-energy limit of renormalizable supersymmetric field theories, such as supersymmetric Yang-Mills.
Note added in proof
It has recently been shown by Moore and Nelson [33] that certain nonlinear sigma models with fermions have gauge anomalies which arise from (nonpropagating) composite gauge fields. Models with this difficulty include the four-dimensional supersymmetric Grassmann models. In particular, the supersymmetric CP" models have abelian anomalies proportional to F,,l$ However, since F,,F,,, = 0 in CP' (see text after eq. (4.5)), supersymmetric CP' theory is well-defined.
In related work Nemeschansky and Rohm [34] have argued that a four-dimensional supersymmetric Wess-Zumino term is possible only on a noncompact Kalrler manifold. This result is consistent with our work since we also do not find a Wess-Zumino term in the supersymmetric CP' model. Zanon. We are grateful to Professor C. Nappi for making available the computer program used in ref. [3] .
Appendix A HOMOTOPY GROUPS OF GRASSMANN MANIFOLDS
Here we compute II3 for the compact complex Grassmann manifold G( k, n) = U( n)/U( k) X U( n -k), n > k. We distinguish two cases:
For this case, we observe that
where V(k, n) = U(n)/U(n -k) is the so-called complex Stiefel manifold (see e.g.
[29]). Correspondingly, we have the homotopy exact sequence* ). Observe that there is a natural imbedding i: V(k, n) * V(k + 1, n + 1) and also a projection p: V(k + 1, n + 1) + V(l, n + 1) = S2"+l These maps induce the exact sequence 17,,~+l(S2"+1) + IT,,(V(k, n)) --f I-I,p,(V(k + 1, n + 1) + II,,t(S2'1+1).
(A.4)
Since II,,+i(S 2n+1) = 0 for m < 2n, we obtain the recurrence relation
It is a fact that II,,,(V(l, n)) = 17,,,(S2"-l) = 0, m<2n-1.
Hence, by repeated application of (A.5), we finally obtain 0 = fl,,,(V(l, n -k + 1)) = n,,(V(k, n>),
This proves the lemma. Now, since n > k + 1, by the lemma we just proved, .6) Hence, from the exact sequence (A.2), we immediately conclude
That is, all compact complex Grassmann manifolds, with the possible exception of G(k, k + 1) (which we consider below) have trivial I13. Case (ii): n=k+l. In this case, we write G( k, n) = G( k, k + 1) = CP" = S2"+l/U(1). (A.8) Consider the corresponding exact sequence + I, --) MS 2k+l) + II,(CP") + n,(u(1)) 4,. (B-1)
The matrix iU+a,U is an element of the Lie algebra of SU (2) For a more geometrical interpretation of the above formulae we refer to [31] . Furthermore, note that the U(l). In this appendix we discuss the canonical quantization of the model, defined in (6.6) It suffices to take the W(2) matrix At as the set of dynamical variables; the hermitian conjugate matrix A is not another independent set, owing to the relation Aba = cxvqxA,~ 9 a,p= 1,2.
W.2)
Clearly, the dynamical variables satisfy the constraint cpi=detA+-l=O. (C-3) A quantization procedure for systems obeying such constraints has been given by Dirac [23] , which we follow. (Its application to nonlinear sigma models has been reviewed in [32] .) As outlined in sect. 6, the canonical momenta II,+ conjugate to Aba are A,A,,+tX2(A73)crBTr(73AtA), (C which is itself preserved in time.
It is clear that our model does not lead to further restrictions on the canonical variables, except for the special case A, + A z = 0. In that case, the lagrangian (C.l) is invariant under the gauge transformations A(t) +A(t)eiw(') '3, (C.9) as discussed in the text (see (6.8) In our case Ci;' is the 2 x 2 matrix $i(~~)~~, which leads to the following Dirac brackets:
(A&,A$}*=O.
(C.13)
One can verify that these brackets effectively remove the constraints {F(A+J7),cp;}*=o.
(C.14)
The transition from classical to quantum theory is now made by replacing Dirac brackets by commutators.
Appendix D FINITE SUPERSYMMETRY TRANSFORMATIONS
In this appendix we derive the finite supersymmetry transformations of a soliton ansatz (Ai, #a,i = 0, Fi = 0). The fields Ai, Gai, Fi are the components of a covariantly chiral superfield Qi. Under a finite supersymmetry transformation with (time-independent) parameter E, such a superfield transforms according to [14] :
The components of Qr, can be defined in terms of covariant projections where @iI means the superfield Qi evaluated at 6 = 0, and V, is the covariant spinor derivative. and 0 denotes the gauge covariant d'alembertian. In deriving (D.5) we have also used the fact that the untransformed field configuration is given by the set ( Ai, 0,O) and hence v,Qil = v2Qil = 0. Finally we calculate the finite supersymmetry transformations of the vector multiplet with dependent components (V,, h,, D) given in (3.18) with qai = 4 = 0. Using the finite transformation rules of the scalar multiplet we find that D' = D -f& qafas -$E~S~D.
(D.8)
